The importance of dams is rapidly increasing due to the impact of climate change on increasing hydrological process variability and on water planning and management need. This study tackles a review for the concrete arch-dams' design process, from a dual sustainability/safety management approach. Sustainability is evaluated through a design optimization for dams´stability and deformation analysis; safety is directly related to the reduction and consequences of failure risk. For that, several scenarios about stability and deformation, identifying desirable and undesirable actions, were estimated. More than 100 specific parameters regarding dam-reservoir-foundation-sediments system and their interactions have been collected. Also, a summary of mathematical modelling was made, and more than 100 references were summarized. The following consecutive steps, required to design engineering (why act?), maintenance (when to act) and operations activities (how to act), were evaluated: individuation of hazards, definition of failure potential and estimation of consequences (harm to people, assets and environment). Results are shown in terms of calculated data and relations: the area to model the dam-foundation interaction is around 3.0 H d 2 , the system-damping ratio and vibration period is 8.5% and 0.39 s. Also, maximum elastic and elasto-plastic displacements are~0.10-0.20 m. The failure probability for stability is 34%, whereas for deformation it is 29%.
Introduction
There are many factors, largely controlled by the structures size, that hinder sustainability in the field of dam engineering. In this sense, the height of the blocks can reach more than 100 m and the crown length can reach more than 500 m [1, 2] . Dams with these dimensions are called "super-high dams" [3, 4] . Then, the presence of structural elements [5] , and their interactions, with different functions that increase the difficulty of calculation and modelling, e.g., the cantilevers that support and distribute the vertical loads and the arches that distribute the horizontal loads. Finally, the interaction of dam, foundation, sediments and reservoir sub-systems, requires not only the knowledge of the structural and hydraulic engineering, but also, other engineering areas are involved.
Three aspects, namely geometry, behaviour, and materials, comprise the internal and intrinsic actions, which exclude the external actions and their uncertainties of probability and occurrence.
Concrete arch-gravity dams are designed to be stabilized by equilibrium forces (horizontals and verticals). Each section of the dam must be stable and independent of any other section.
The dam body is formed by several arch and cantilever units. Arch refers to a portion of the dam bounded by two horizontal planes. Arches have uniform or variable thickness, i.e., the arches may be designed so that their thickness increases gradually on both sides of the reference plane. Cantilever is a portion of the dam contained between two vertical radial planes [10] .
The function of arches is to distribute the horizontal stresses along the dam body, whereas the function of cantilevers is to transmit the vertical stresses from the top to the bottom. Moreover, the arch has an important role respect to the stiffness which increases on the dam body.
Dam sub-systems can be modelled using several theories and models that are briefly mentioned as follows.
•
Rigid body equilibrium and beam theory. The gravity method is based: (1) on rigid body equilibrium to determine the internal forces acting on the potential failure plane (joints and concrete-rock interface), and (2) on beam theory to compute stresses. The use of the gravity method requires several simplified assumptions regarding the structural dam behaviour and loads application [50] . • Membrane theory (tank structures). The behaviour of arch-dams can be imagined as being similar to the behaviour of storage tanks: an arch in plant is a part of the tank circumference. The function of the elements is analogue, i.e., arch-dams are formed by cantilever and arch units, whereas tanks are formed by meridional and circumferential units. The stresses in the tanks are: vertical compressive stress (meridional compression associated with hydrostatic and hydrodynamic pressures) and tensile hoop stress (circumferential stress) [35, 46, 51, 52] . • Independent blocks model. Here, the dam's blocks are modelled as independent parts. Each block can be considered as a simple oscillator where the mass is the predominant parameter. This approximation is generally useful for estimating preliminary results [26, 47] .
Moreover, dam sub-systems can be modelled accounting the vertical joints, as follows.
• Monolithic model. The monolithic model ensures the continuity between adjacent blocks. The rigid connection between them is ensured by means of vertical joints, which are modelled by surface-based "tie" constraints that account the translational and rotational degrees of freedom [53] [54] [55] . Considering a series of monolithic, the model can be called "multi-monolithic model" [56] . • Surface-to-surface joints. The surface-to-surface joint model simulates the discontinuity between blocks along the contact surfaces. The contact model describes tangential and normal behaviour by adopting a coefficient of friction and contact pressures transmitted from surfaces [54, 55] .
• Solid elements joints. The solid element joint model simulates the joints, connected to the ashlars, as independent solid elements, separating the discontinuity surface and spacing the blocks. These joints are characterized by mechanical models (i.e., elastic or elasto-plastic model) [54, 55] .
Foundation Sub-System
Even if it is possible to analyse the four systems separately, it is too approximate to approach some aspects without considering the interactions. In this sense, the foundation sub-system is usually studied including the dam-foundation interactions.
The model that describes the dam base and top foundation contact is Mohr-Coulomb model. This model, used in the literature to evaluate base sliding [57] , constitutes a simplified procedure to model a nonlinear single-degree-of-freedom system [58] and the failure mode under a reliability-based approach. This is performed as such due to the failure analysis of the dam-foundation interface being characterized by complexity, uncertainties on models and parameters, and a strong non-linear softening behaviour [59] .
The foundation sub-systems can be modelled by a massed, massless, rigid, flexible model.
•
The massed model (m 0, k = 0) is composed by finite elements that form the foundation [24] . In 3D analysis, it consists of solid elements, of which, each one is an eight-node element. It is based upon an isoparametric formulation that includes nine bending modes [40] . For each element the density of the material is assigned. The massed model only accounts the weight of the elements in static analysis and the inertial force in dynamic analysis. •
The massless model (m = 0, k 0) is composed by fixed joints (or nodal points). A joint is defined in three spatial coordinates x, y, z. It defines a joint individually, many joints on a line (or curve), surface or a three-dimensional region. The massless model accounts only material flexibility by elastic springs and forces. The foundation model should be extended to a large enough distance beyond which its effects on deflections and stresses of the dam become negligible [60] . It is possible to consider for the elastic modulus two cases: (i) the same modulus as the concrete and (ii) 1/5 the modulus of concrete [10] .
Rigid model (k → ∞). Rigid foundation model neglects dam-foundation interaction and, in fact, neither stiffness nor mass of the foundation is accounted in overall coupled equation of motion. It can be modelled by elastic springs with very high stiffness (e.g.,~1.0 × 10 9 kN/m) or by fixed. •
The flexible model (k → 0), conceptually, it is equal to the massless model because it is formed by a series of joints where are applied springs. An order of magnitude of the elastic spring can be1 .0 × 10 6 kN/m.
Reservoir Sub-System
The main actions produced by water mass are the pressures, which can be static or dynamic pressures and act in horizontal or vertical directions. Reservoir sub-system can be approached by considering "rigid" or "flexible" dam, respectively. In this sense, it can be modelled as:
•
Added mass, where the hydrodynamic pressures exerted on a dam, by an incompressible fluid, are considered [61] . The hydrodynamic pressures are the same as if a portion of the fluid body is forced to move back and forth with the dam and, that this "added mass" is confined in a volume bounded by a two-dimensional parabolic surface on the dam upstream side. • Hydrodynamic interaction. Analytical equations for hydrodynamic response of dam-reservoirs considering compressibility effects during harmonic and arbitrary ground motions have been defined [62] . Effects of the deformability of the dam on hydrodynamic pressure have been introduced. The main limitation consists in considering the deformation by only the vibration fundamental mode of the structure [63] .
A very popular modelling approach is the "acoustic elements". This model simulates the pressure distributions of the fluid considering the compressibility of the fluid through the "bulk modulus". To Sustainability 2020, 12, 392 5 of 21 find a solution it is necessary to define appropriate boundary conditions, where the most important one takes place on the contact between fluid and structure [63] [64] [65] . Acoustic elements are used for modelling an acoustic medium undergoing small pressure changes. The solution in the acoustic medium is defined by a single pressure variable, which represents its degree of freedom [64, 65] .
Sediments Sub-System
Sediments can be modelled as a liquid (viscous model) or as a solid (elastic-plastic model). This is, because two cases should be considered: full and empty reservoir. In the first case, sediments are totally submerged, and therefore sediments can be considered in a more similar way to the liquid hydrodynamic behaviour. In contrast, in the second case, sediments can be dry (solid) or yet submerged (semi-solid) depending on the material of which sediments are made: if the predominant material is the sand soil, the liquid drains easily and thus sediments can be idealized as solid, whereas if it is made of clay soil, the liquid does not drain and so it can be idealized as a liquid.
Considering the two extreme cases, the liquid behaviour tends to the reservoir sub-system behaviour, whereas the solid tends to the foundation sub-system (liquid sediments → like reservoir sub system. Solid sediments → like foundation sub-system). The presence of sediments can affect the behaviour of the whole system. This is because, the reservoir bottom absorption affects the stiffness and damping ratio of the structure [34, 66, 67] .
Interactions of Sub-Systems
By means of the aforementioned parameters of the four sub-systems, it is possible to define some parameters that account the interactions among sub-systems. By considering these values, it is possible to estimate some general relations that can be used to the design, for instance: (i) the area of rigid foundations under the dam can be estimated as~3.0 H d 2 ; (ii) the contribution of the damping ratio of each sub-system respect to the damping ratio of the system is ξ d = 0.05 (26%), ξ f = 0.1 (51%), ξ r = 0.005 (3%), ξ s = 0.04 (20%); (iii) the contribution of the vibration period of each sub-system respect to the system vibration period is T 1,d (s) = 0.284 (40%), T 1,f = 0.09 (13%), T 1,r = 0.314 (45%), T 1,s = 0.014 (2%). These percentages show the weight of each sub-system respect to the total response. However, it is important to note that these values refer to this specific case study or, more in general, to concrete arch-gravity dams under specific conditions.
Finally, a modelling process should be calibrated for accurately identifying the problem to be analysed. There is a closer correlation between models and types of analysis: The choice of a model (software) is based on the specific problem to be solved. Although nowadays, there are extremely complex models [68] that consider all the phenomena together, it is good to define and focus a specific problem aspect and then to converge and resolve it by using a unique model.
Each model is made to study a specific problem. It is important to consider all the parts of the whole system, but it is also necessary not to lose control of the parameters and their interactions.
Management Operating Systems
The managerial procedures that account for the risk analysis are studied in reliable papers [7, 8, 69] and guidelines [12, 14] . Moreover, in the literature, it is possible to find several contributions regarding stability optimization for concrete arch-dams [17, 18, 22, 36, 45] . However, the search of a safety and no-safety domain by taking into account the stability and deformation of arch-dams in a managerial context, by considering some parameters (see Table 1 later) obtained from several data, has not been carried out. In this sense, this paper provides a novelty for the research. The project management is formed by design phases, which are called "project baselines", "project procedures", and "project systems". Each phase contains several sub-phases listed in the Figure 1 . In analyses there are different parameters/values that usually are adopted: deterministic parameters (DP), probabilistic parameters (PP), semi-probabilistic parameters (SPP), semideterministic parameters (SDP) and super-probabilistic parameters (SP2). SPP are the parameters obtained by combining DP and PP, whereas SDP are obtained by DP and SPP. SP2 are obtained by a probabilistic analysis, which are recalculated and re-estimated using one or more probabilistic approaches. Deterministic parameters are usually well known through the literature (papers, books, codes, guidelines), experience (real projects, academic works, research projects), and empirical experimentation (laboratory work, building sites). Probabilistic parameters are not known, and therefore are subject to aleatory (inherent randomness) and epistemic (lack of knowledge of materials/models) uncertainties, as have already been introduced.
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Materials
This research comprises the analysis of probabilistic approaches which are the most reliable and precise ones for analysing the stability of dams. In this sense, these analyses are based on the definition of probability density functions (PDFs) through several random variables (RVs). The parameters used to develop the analysis in this paper are listed in Table 1 . These parameters come from precedent studies [47] [48] [49] , and here are considered as RVs to carry out a sustainability assessment, and are therefore plotted by a probabilistic distribution with a mean and standard deviation (SD). In this paper, a particular attention about the "management level schedules" and "risk assessment" is considered; the former estimates the possible scenarios, whereas the latter defines the hazards.
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Methods
Monte Carlo Simulation (MCS)
To estimate possible scenarios, MCS, which generates RVs, has been used in following way. Limit State (LS) function G(X) is defined. When the domain G(X) < 0, the LS is called "no safety", whereas when G(X) > 0, the LS is called "safety". The separation of both domains is given when G(X) = 0 (limit domain). Given a random variable vector X = {x 1 , . . . ,x j } = {x i } for a LS function G(X) and f X (x i ), which is the joint PDFs of x i , the general probability x% that G(X) takes on a value less than 0 (called here probability of failure p f ) is [70, 71] :
Equation (2) represents the cumulative failure probability (CFP), which represents the area of the PDF within a defined interval.
By using MCS, Equation (2) can be rewritten as:
where I(·) is an indicator function, defined by:
Finally, p f can be considered as the mean value of I(x i ), i.e.,Ī(x i ) = E[I(x i )], therefore Equation (3) becomes:
where N is the number of simulations (or samples) and N f is the number of simulations with I(x i ) ≤ 0. It is note that the result of p f is more accurate when N → ∞. In practice, samples required are 1 × 10 Nk where the choice of N k is due to the computer power and available computational time.
Sustainability Assessment Framework
Sustainability has been assessed in this research from a double perspective. First, the perspective of temporal sustainability, closely related to the duration and useful life of arch dam infrastructures. This dimension is specifically articulated and assessed through the design parameters of "stability" and "deformation". Secondly, sustainability has been assessed from a safety perspective articulated through risk calculation. Consequently, in a broad scale, sustainability assessment is developed from a dual sustainability/safety management approach ( Figure 5 ). On the other hand, in a detailed scale, the sustainability of concrete arch dams is evaluated from a design optimization perspective, specifically, for dams´stability and deformation. Additionally, the safety perspective is directly related to the reduction and consequences of failure risk. For this, several scenarios about stability and deformation, identifying desirable and undesirable actions, were estimated. Quantitative results on both dimensions of sustainability are provided and explained in results section.
There are several types of actions that are generated either by human or by nature. These actions can be catalogued as either "environmental actions" or "human actions". All aspects regarding these actions are included in "impact matrices" where they are identified as "hazards". Several hazards can affect the durability of structures, e.g., environmental, social and economic impact; population and consumptions growing; climate change (temperature and humidity) [72] ; flooding; hurricanes; explosions of blast waves in the terrorist attacks [73] or in demolitions [74] ; seismic hazard [75] ; corrosion [76, 77] .
Here, the last two hazards are introduced since are known by authors. However, in this analysis only seismic hazard assessment is considered.
Structures are subjected to internal and external stresses and deformations due to (1) excitation of masses by seismic vibrations or general dynamic loading by extreme events, and (2) the corrosion of the reinforced concrete (RC) elements. Table 2 shows both hazards (as a succession: hazard → approach → scenarios), the relative approach and its scenario type. Table 2 . Identification of impacting hazards.
Hazard
Approach Scenarios
Seismic hazard
Poisson [49] . Bayesian [78] Probability of occurrence Corrosion
Diffusion [79] . Reliability [70] Probability of failure Figure 2 shows the inter-combinations among the four sub-systems of the concrete arch-dams. It is possible to see all the possible combination among the dam-foundation, dam-sediments, dam-reservoir, foundation-sediments, foundation-reservoir and sediments-reservoir. By knowing the variables of the project, it is possible to treat the hazards in a practical way. Structures are subjected to internal and external stresses and deformations due to (1) excitation of masses by seismic vibrations or general dynamic loading by extreme events, and (2) the corrosion of the reinforced concrete (RC) elements. Table 2 . shows both hazards (as a succession: hazard → approach → scenarios), the relative approach and its scenario type. Table 2 . Identification of impacting hazards.
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Seismic hazard assessment
The seismic events are extreme events that may be accurately studied. The seismic hazard is usually estimated by using two approaches: probabilistic and deterministic. The former, probabilistic seismic hazard analysis (PSHA) is based on the Cornell method [80] and Poisson distribution [71] . To apply it, it is necessary to know seismogenic zones, i.e., zones where the earthquakes are equally likely and independent of each other at any location (e.g., in Spain [81] ).
The probability that a ground motion parameter S exceeds the ground motion level S0 in i-th source area is defined by Λi, which depends on: the PDF of the magnitude fm(m) and of the site-source distance fr(r), the standardization Normal distribution fε(ε) [71] with the ground motion randomness ε and, the average annual rate of exceedance λc of an event with magnitude m described through the 
The probability that a ground motion parameter S exceeds the ground motion level S 0 in i-th source area is defined by Λ i , which depends on: the PDF of the magnitude f m (m) and of the site-source distance f r (r), the standardization Normal distribution f ε (ε) [71] with the ground motion randomness ε and, the average annual rate of exceedance λ c of an event with magnitude m described through the Gutenberg-Richter trend line [82] , which provides the ratio between the number of small and large events and the level of seismicity [83] .
The probability is defined by:
If the analysis involves more of one seismogenic zones (where N s = number of seismogenic zones), the probability of exceedance is defined by: Figure 3 shows some curves (as results example) in terms of accelerations vs. structural period (Figure 3a ) and hazard contribution respect to the magnitude and fault-site distance (Figure 3b ). Gutenberg-Richter trend line [82] , which provides the ratio between the number of small and large events and the level of seismicity [83] . The probability is defined by:
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Results
Sustainability Assessment
Here, six scenarios to evaluate the sustainability assessment accounting the deformation and stability of concrete arch-dams are shown. Stable actions refer to the probabilistic parameters in Table 1 . By knowing the mean RV and SD for each parameter it is possible to generate a several points by MCS.
To the left of the Figures 6 and 7 the trend lines of the stable and unstable actions are shown. The horizontal dashed line indicates the LS line (i.e., the mean line when the stable line intersects the unstable line). For the stable action, its logarithmic trend line is also plotted, which shows better the progress of an action that starts from zero and reaches its maximum value. The logarithmic trend intersects the unstable line before respect to the linear stable trend. This gap could represent a security factor that increase the "safety" LS. When the dashed horizontal line rises, the p f increases and so the "no safety" state is more probable.
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Safety Assessment
Finally, the risk management model defined in literature [12, 14] show the need of defining the undesirable event with the potential for harm or damage in these following steps: individuation of hazards → defining of potential for failure → estimating of consequences (harm to people, assets, environment). These steps are needed to design and justify engineering activities (why act?), to propose activities maintenance (when to act) and to tackle operations activities (how to act).
In this sense, the safety management assessment can be evaluated by quantifying the pf. Table 3 and Figure 8 summarize the results in accordance to Figures 6 and 7 . To the right of the Figures 6 and 7 , the PDFs when (A s = A u ) are plotted. The solid curves represent the PDFs by mean RVs, whereas the dashed curves represent the PDFs by negative SDs.
In this sense, the safety management assessment can be evaluated by quantifying the p f . Table 3 and Figure 8 summarize the results in accordance to Figures 6 and 7 . 
Summary
This paper mainly aimed to review the knowledge on the development of sustainability and safety assessment through the study of structural stabilities/deformations and failure risk consequences, respectively, for concrete gravity arch-dams.
In order to carry out the main analysis, several aspects have been defined: materials regarding the sub-systems (dam, foundation, reservoir, sediments) and their interactions; methods respecting to the operating systems of a project; deterministic and probabilistic variables; modelling and methodologies.
From precedent-specific studies of the authors investigating dam design, more than 10 theoretical modelling, 10 modelling types by software, more than 100 specific parameters, and more than 100 references are summarized.
This paper addresses and comprises critical aspects that are summarized as follows: (i) to show innovative approaches respecting to the enormous quantities of variables that are involved for concrete arch-dams; (ii) to provide numerical values of parameters to design concrete arch-dams; (iii) to show the project phases and methodologies; (iv) to estimate different scenarios respecting to the main actions on the dam system; (v) to contribute to the knowledge of the state-of-the-art about concrete arch dams.
The first results are shown in terms of new estimated data provided in the Appendix A. Other results concern the parameters of the interaction between dam-foundation-reservoir-sediments with respect to the area of rigid foundations under the dam (~ 3.0 Hd 2 ), the contribution of each sub-system damping ratio respect to the system damping ratio (8.5%), and the contribution of each sub-system vibration period respect to the system vibration period (0.393 s). These values are useful to estimate some general relations that can be used to aid design. Moreover, the maximum elastic and elastoplastic displacements are of the order of ~ 0.10-0.20 m that, in relation to the maximum dam height, is Hd/1000, in accordance with the literature [6] .
Furthermore, the sustainability assessment demonstrates that the mean probability of failure of the stability of dam body and its deformation is about 32%. In particular, that for stability is 34%, which is higher than for the deformation at 29%. These mean percentages are quite large because unstable actions have been taken. When the intersection point between the stable and unstable line 
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Appendix A Table A1 . Some cases of real concrete-arch dams studied for scientific purposes. [83] 308
Dam Name Location Researched Main Topics Reference
Damping ratio ξ r (%) [48] 0.5 Water basin area (km 2 ) [83] 1070 Spillway capacity (m 3 /s) [83] 2987
Note: * = Estimated value. DS = Down-Stream. V p,r (or C r ) = Compressive wave velocity. E b = Bulk modulus of reservoir. T 1,r = Reservoir's first period. Table A5 . Collected data relative to sediments sub-system. 
Sediments
2D/3D
Discretization of an area or volume in mesh. A function is performed on each mesh and so the calculus is extended over the whole structure [97] Gravity method [29, 98] Loads. Geometry.
Material properties
Stresses. Pressures.
Stabilities 2D
It based on the rigid body equilibrium and beam theory. It performs stability analyses for hydrostatic loads and seismic loads [50] Numerical [47, 99] Differential equations. Boundary and initial conditions Displacements.
Velocities. Accelerations
2D/3D
By using interpolation function, it is possible to solve partial differential equations under specific conditions [100] Variational [90, 101] Functionals. Boundary and initial conditions Optimum shape. Modal parameters (eigenvalues and eigenvectors)
2D
Through functionals, it is possible to find the maximum and minimum solutions [100] Analytical [95, 102] Analytical equations Stresses. Pressures 1D
Substituting specific numerical values in the equations it is possible to find the solutions [103] BEM [19, 53] a Differential equations
Displacements.
2D/3D
It is a numerical computational method that solves partial differential equations under specific conditions [64, 65] UAV photogrammetry [54, 104] Drones. Sensors
Geometry. Photogrammetry 3D
Geodetic survey of a study site by creating a detailed point cloud. It provides measurements from photographs [105] Geometric [9, 106] Measures. Quotes
Geometrical and architectural design 2D/3D
Plotting of drawings through heights, lengths and thicknesses [107] Experimental Measures. Quotes. Tools. Laboratory
Simulations. Calibrations 3D
Reproduction of a structure with scaled dimensions respect to the real project N/A
Rendering b
Measures. Quotes. Imagens
Photos. Animations 3D
Generation of 3D reconstructions by algorithms that define the colour and size of each point of the input image [108] Note: FEM = Finite Element Method. BEM = Boundary Element Method. UAV = Unmanned Aerial Vehicle. N/A = Not applicable. a Coupled BEM-FEM is used to study the fluid-structure interactions [19] . Also, accurate computation of fluid-structure nonlinear interaction is analysed by the immersed boundary method (IBM) proposed in [41] . b The reader can refer to specific bibliographies in the area of the design and/or architecture.
